C limate change and carbon (C) sequestration are a major focus of research in the twenty-first century. Globally, soils store about 300 times the amount of C that is released per annum through the burning of fossil fuels (Schulze and Freibauer 2005) . Land clearing and introduction of agricultural systems have led to rapid declines in soil C reserves. The recent introduction of conservation agricultural practices has not led to a reversing of the decline in soil C content, although it has minimized the rate of decline (Baker et al. 2007; Hulugalle and Scott 2008) . Lal (2003) estimated the quantum of C pools in the atmosphere, terrestrial ecosystems, and oceans and reported a "missing C" component in the world C budget. Though not proven yet, this could be linked to C losses through runoff and soil erosion (Lal 2005 ) and a lack of C accounting in inland water bodies (Cole et al. 2007 ). Land management practices to minimize the microbial respiration and soil organic C (SOC) decline such as minimum tillage or no tillage were extensively studied in the past, and the soil erosion and runoff studies monitoring those management systems focused on other nutrients such as nitrogen (N) and phosphorus (P). There is limited literature reporting the soil erosion and spatial distribution of SOC pools at different stages of erosion, and there is also a lack of information on the terrestrial losses of SOC through hydrological pathways and soil erosion (Chappell et al. 2015) in different farming systems. In this article, we discuss soil C losses in runoff and erosion from Carbon losses in terrestrial hydrological pathways in sugarcane cropping systems of Australia sugarcane farming systems in subtropical northeast Australia.
SUGARCANE PRODUCTION IN AUSTRALIA AND SMARTCANE BMP
In Australia, sugarcane production is concentrated in two eastern states (coastal Queensland and northeast New South Wales), with the sugarcane producing regions extending from Mossman in far north Queensland to Grafton in northern New South Wales ( figure 1) (Smartcane BMP 2015) . This program was initiated in 2013 in response to government and community concerns relating to potential off-farm environmental risks to the Great Barrier Reef (GBR) from high fertilizer and herbicide use by the sugarcane industry in catchments discharging into the GBR lagoon (Nachimuthu et al. 2016) . The focus was on the adoption of improved management practices to reduce off-farm environmental impacts from sugarcane production.
The Smartcane BMP program contains seven modules for growers, which include the following:
1. Drainage and irrigation management (core) 2. Pest, disease, and weed management (core) 3. Soil health and plant nutrition management (core) 4. Crop production and harvest management 5. Natural systems management 6. Workplace health and safety management 7. Farm business management Although soil health and plant nutrition management are listed as core modules of Smartcane BMP, there is a lack of information on C flow in sugarcane cropping systems. To address this gap, we report data quantifying the annual runoff losses of C from contrasting sugarcane cropping systems in southeastern Queensland and integrate that information with other published data on C losses via terrestrial hydrological pathways. This analysis will provide information that could assist the sugar industry to improve its Smartcane BMP program and the overall sustainability of sugarcane production systems.
CARBON LOSSES IN RUNOFF FROM SUGARCANE FARMING SYSTEMS IN SOUTHEAST QUEENSLAND, AUSTRALIA
Under the Paddock to Reef program (Carroll et al. 2012 ), a trial to assess the impact of a range of land management practices on productivity and off-farm water quality was conducted in the Burnett-Mary catchment, which discharges into the southern GBR lagoon. A sugarcane plant crop was managed using four different sets of practices. These are described as (1) Conventional practice-current conventional practice, consisting of full tillage after an intensive vegetable rotation with traditional residual herbicides; (2) Improved practice-where only the beds were tilled after the vegetable phase (zonally tilled with the interspace left undisturbed) and residual herbicide use was reduced; (3) Aspirational practice-a minimum tillage system (one pass of a single tine ripper in the bed zone prior to the vegetable and sugarcane phases), where vegetative trash mulch was maintained during cane planting, no residual herbicides were used, and a legume intercrop was established after cane establishment; and (4) New Farming System-a minimum tillage system (as in Aspirational practice) with grain legume rotation crops, retention of a surface trash mulch, and a combination of residual and knockdown herbicides.
The detailed methodology and experimental site details are described in Nachimuthu et al. (2016) ) in the top 10 cm (4 in) of the soil profile, such losses correspond to 12% to 44% reduction of those target sequestration rates. This suggests that TOC losses in runoff can have a considerable impact on the net C balance in topsoils of sugarcane cropping systems. These losses are likely to be accentuated later in the sugarcane crop cycle, especially in trash blanketed systems, given the increased compaction (figure 3)/ reduced infiltration capacity and increased total and labile C concentration in topsoil layers recorded in late ratoon crops (Bell et al. 2001 ). Future long-term studies monitoring the SOC sequestration or losses in sugarcane farming systems need to consider runoff and soil erosion losses as a contributory factor in the overall soil C balance in the topsoil.
EFFECT OF LAND MANAGEMENT PRACTICES ON RUNOFF CARBON LOSSES
IN SUGARCANE CROPPING SYSTEMS Soil management practices had significant influence on DOC and TOC losses. The Conventional practices resulted in the highest off-site runoff losses of TOC and DOC, followed by the New Farming System (table 2 and figure 2), while the lowest losses occurred from the Improved practices. Treatments that employed minimum tillage produced less offsite DOC losses than conventionally tilled systems, with results consistent with previous studies suggesting an increase in tillage intensity leads to higher DOC losses in runoff (Locke et al. 2015) . The lower C losses under minimum tillage are consistent with observations of greater microaggregate formation and subsequent C stabilization inside microaggregates under minimum tillage practices (Six et al. 2000 (Six et al. , 2004 .
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SEPT/OCT 2016-VOL. 71, NO. 5 JOURNAL OF SOIL AND WATER CONSERVATION Long-term SOC monitoring studies in the grains industry in Queensland (Page et al. 2013b ) suggested the rate of decline of SOC is lower under no tillage compared to conventional tillage systems, and while this trend was not evident in the much shorter duration tillage trials in the sugar industry (Page et al. 2013a) , the runoff C losses were consistent with such a trend. A previous study in conventional sugarcane farming systems in northern Australia reported extremely high values (260 mg L -1 ) of DOC concentrations in irrigation runoff (Bohl et al. 2002) , which was at least an order of magnitude greater than the DOC event mean concentrations (table 2) recorded in our study (Nachimuthu et al. 2016 ). However at least 50% these losses were attributable to cane juice/sugars lost during harvesting and mobilized during irrigation events shortly thereafter. While such losses can produce significant environmental impacts through biologically induced oxygen (O 2 ) depletion and fish kills in waterways in cane producing areas, they are not specifically linked to particular soil and land management systems. (Armour et al. 2013; Stewart et al. 2006) , with few studies quantifying C losses in deep drainage. However, a limited number of Queensland studies have monitored groundwater DOC concentration in Australian sugarcane landscapes. Early studies reported low DOC concentrations in groundwater in the Pioneer (<0.5 to 23 mg DOC L -1 ) (Baskaran 2002 ) and the Don (1.1 to 11 mg DOC L -1 ) (Baskaran et al. 2001 ) river catchments. In contrast, DOC levels were reportedly much higher in the lower Burdekin region (Thayalakumaran et al. 2008) . In this study, most of the ~30 bore wells surveyed were in sugarcane cropping areas in the coastal zone, with groundwater concentrations of DOC ranging from 4 to 82 mg L -1
. Thayalakumaran et al. (2008 Thayalakumaran et al. ( , 2015 related the high DOC levels in the lower Burdekin region to deep drainage by using a range of measures, which included sampling at different depths and assessing seasonal variation in DOC concentration under different management practices. The authors suggested that high DOC concentrations were linked to either burning of sugarcane trash or leaching of sugarcane juices lost at harvest.
In contrast to the above mentioned studies, groundwater samples taken more recently (2011) in the lower Burdekin had much lower DOC concentrations, ranging from below the detection limit to a maximum of 4 mg DOC L -1 (Hunter 2012) . The reasons for the difference between these two studies are uncertain, but could be linked to either land management practices and/or rainfall. Further investigation is warranted to clearly unravel the mechanism of DOC dynamics in deep drainage. Not only are the impacts on soil C balance important, but deep drainage of DOC into groundwater may also contribute to the reduction of groundwater pollution arising from leached nitrate-N (NO 3 -N) through increased potential denitrification rates (Thayalakumaran et al. 2015) .
CONCLUSION AND FUTURE RESEARCH RECOMMENDATIONS
The TOC losses in runoff in sugarcane systems ranged from 12 to 44 kg ha -1 y -1 (11 to 39 lb ac -1 yr -1 ). Carbon losses through terrestrial hydrological pathways can represent a significant impediment to achieving improved SOC sequestration in sugarcane farming systems of Australia. Future studies on SOC sequestration in sugarcane farming systems need to consider the C losses through runoff and deep drainage as a factor impacting the overall soil C balance. Table 2 Average concentrations (mg L -1 ) of total organic carbon (C) and dissolved organic C in runoff under different management practices.
